Quorum sensing (QS) is widely utilized by bacterial pathogens to regulate biological functions and pathogenicity. Recent evidence has shown that QS is subject to regulatory cascades, especially twocomponent systems that often respond to environmental stimulation. At least two different types of QS systems regulate pathogenesis in Burkholderia cenocepacia. However, it remains unclear how this bacterial pathogen controls these QS systems. Here, we demonstrate a novel two-component system RqpSR (Regulating Quorum sensing and Pathogenicity), which plays an important role in modulating QS and pathogenesis in B. cenocepacia. We demonstrate strong protein-protein binding affinity between RqpS and RqpR. Mutations in rqpS and rqpR exerted overlapping effects on B. cenocepacia transcriptomes and phenotypes, including motility, biofilm formation and virulence. In trans expression of rqpR rescued the defective phenotypes in the rqpS mutant. RqpR controls target gene expression by direct binding to DNA promoters, including the cis-2-dodecenoic acid (BDSF) and N-acylhomoserine lactone (AHL) signal synthase gene promoters. These findings suggest that the RqpSR system strongly modulates physiology by forming a complicated hierarchy with QS systems. This type of two-component system appears to be widely distributed and coexists with the BDSF QS system in various bacterial species.
Introduction
Burkholderia cenocepacia is a Gram-negative opportunistic pathogen belonging to the B. cepacia complex (Bcc), a group of at least 20 closely related bacterial species (Mahenthiralingam et al., 2005; Holden et al., 2009; Depoorter et al., 2016) . Notably, B. cenocepacia can cause life-threatening infections in susceptible individuals, particularly in patients suffering from cystic fibrosis (Mahenthiralingam et al., 2001) . The success of B. cenocepacia relies on the production and precise coordination of numerous virulence-associated factors such as lipopolysaccharide, flagella, pili, siderophores, toxins, proteases, lipases, exopolysaccharide and cepacian (Visser et al., 2004; Schwager et al., 2013) . These virulence factors are primarily controlled by regulatory systems such as quorum-sensing (QS) and two-component systems (Khodai-Kalaki et al., 2013; Suppiger et al., 2013; Merry et al., 2015; Schaefers et al., 2017) .
Burkholderia cenocepacia employs at least two different types of QS systems, including the N-acylhomoserine lactone (AHL) and cis-2-dodecenoic acid (BDSF) systems, that regulate bacterial virulence (Deng et al., 2009; Schmid et al., 2012; Suppiger et al., 2013) . The major AHL system is the cep system, consisting of the acylhomoserine lactone (AHL) synthase CepI and the transcriptional regulator CepR, which becomes activated after binding to AHL. Activated CepR binds to cep boxes, which are often located upstream of the target genes and results in activation or repression (Lewenza et al., 1999; Gotschlich et al., 2001) . The BDSF system relies on the biosynthesis of BDSF signals by the bifunctional crotonase RpfF Bc and the BDSF receptor protein RpfR, which contains PAS-GGDEF-EAL domains (Boon et al., 2008; Bi et al., 2012; Deng et al., 2012) . BDSF signals bind to RpfR and stimulate cyclic dimeric guanosine monophosphate (c-di-GMP) phosphodiesterase activity, thus decreasing intracellular c-di-GMP levels and consequently modulating the transcription of target genes by activating the RpfR-GtrR complex (Deng et al., 2013; Udine et al., 2013; Yang et al., 2017) . The BDSF system controls many biological functions in conjunction with the CepIR system Deng et al., 2013) .
Burkholderia cenocepacia and other opportunistic pathogens sense and respond to the surrounding environment during the infection process (Stock et al., 2000; Torres et al., 2007; Shiloh et al., 2008; Roux et al., 2009 ). An important molecular device to perceive and transduce environmental signals is the two-component system (Stock et al., 2000; Roux et al., 2009) . A two-component system is composed of an inner membrane-bound histidine kinase that receives environmental stimuli and a cytoplasmic DNA-binding response regulator that is phosphorylated by the sensor kinase, which in turn mediates the expression of target genes (Stock et al., 2000) . Bioinformatics analysis identified approximately 130 genes encoding two-component systems in the B. cenocepacia genome (Winsor et al., 2008) , indicating that B. cenocepacia has sophisticated mechanisms to regulate diverse metabolic adaptations, virulence and antibiotic resistance processes (Khodai-Kalaki et al., 2013; Lardi et al., 2015; Merry et al., 2015; Gislason et al., 2017; Schaefers et al., 2017) . However, the direct interactions between twocomponent systems and QS systems are unclear in B. cenocepacia. In this study, we identified and characterized the sensor histidine kinase RqpS and response regulator RqpR, which together constitute a two-component system that exerts a positive effect upon B. cenocepacia QS systems and alters bacterial physiology.
Results
RqpS and RqpR control the production of BDSF and AHL signals in B. cenocepacia
To study the regulatory mechanism that controls BDSF QS signal production in B. cenocepacia, we screened a Tn5 mutant library of B. cenocepacia strain H111 for colonies with light blue halos on NYG plates supplemented with the biosensor FE58 and 5-bromo-4-chloro-3-indolylb-D-glucoside (Wang et al., 2004) . Several mutants with reduced BDSF signal production were identified after screening approximately 30,000 transposon mutant colonies. Among these mutants, one was identified as having a gene disruption in the signal transduction histidine kinase, BCAL0535 (I35_RS15640), which was thus named as rqpS (Regulating quorum sensing and pathogenicity, Sensor). The neighboring gene is a response regulator with a DNA-binding domain, which was designed as rqpR (Regulating quorum sensing and pathogenicity, Regulator). Next, we measured QS signal production in the wild-type H111 strain, strains with in-frame deletion mutants of DrqpS and DrqpR, and their complementary strains. Our results showed a clear reduction in both BDSF and AHL signal production in the DrqpS and DrqpR mutants compared with those in the wild-type strain ( Fig. 1A and B) . To test whether RqpS and RqpR affect rpfF Bc (BDSF synthase encoding gene) and cepI (AHL synthase encoding gene) at the transcriptional level, we used rpfF Bc and cepI promoter-lacZ fusion reporter systems and measured their activities in B. cenocepacia H111 and its derivative mutants. In agreement with the above results, deletion of rqpS or rqpR resulted in decreases in the expression levels of rpfF Bc and cepI at various growth stages ( Fig. 1C and D) , which was subsequently confirmed by qRT-PCR and RNA-seq (Supporting Information Fig. S1 ).
RqpS and RqpR control QS-regulated phenotypes in B. cenocepacia
As both RqpS and RqpR positively control BDSF and AHL signal production in B. cenocepacia, we next investigated whether they also modulate phenotypes known to be regulated by QS systems. The bclACB operon, which consists of bclA, bclC and bclB, is coordinately controlled by the BDSF and AHL systems in B. cenocepacia and is responses for the expression of lectins Suppiger et al., 2013) . We first examined the expression of the PbclACB-lacZ reporter gene in the DrqpS and DrqpR mutants. As expected, deletion of either rqpS or rqpR resulted in reduced expression of bclACB at various growth stages ( Fig. 2A) . Furthermore, we showed that deletion of rqpS and rqpR abolished swarming motility and biofilm formation ( Fig. 2B and C) , which are regulated by the BDSF and AHL systems in B. cenocepacia (Deng et al., , 2013 . Complementation of DrqpS and DrqpR mutants by the in trans expression of rqpS and rqpR respectively, restored swarming motility and biofilm formation to wild-type strain levels ( Fig. 2B and C ).
RqpS and RqpR control the expression of a wide range of genes
To determine the comprehensive regulatory roles of RqpS and RqpR in the control of bacterial physiology,
The regulatory network of TCS and QS systems 33 we analyzed and compared the transcriptomes of the wild-type strain and the DrqpS and DrqpR mutants by using RNA-Seq. Differential gene expression analysis showed that 59 genes were increased and 184 genes were decreased (greater than or equal to twofold) in the DrqpR mutant compared with their expression in the wild-type H111 strain, whereas 305 genes were increased and 458 genes were decreased in the DrqpS mutant compared with their expression in the wild-type H111 strain ( Fig. 3 and Supporting Information Table  S1 ). These differentially expressed genes are associated with a range of biological functions, including motility and cell attachment, stress tolerance, virulence, regulation, transcriptional regulation, membrane components, transport, multidrug resistance, detoxification and signal transduction (Fig. 3A and B and Supporting Information Table S1 ). We also compared the transcriptome profiles of the DrqpS mutant and the DrqpR mutant and found an overlap in their regulated genes ( Fig. 3C and  D) . Quantitative RT-PCR analysis of the selected genes confirmed the RNA-seq results (Supporting Information  Fig. S1 ).
RqpS and RqpR constitute a two-component regulatory system
The rqpS and rqpR genes are proximal and share the same transcriptional orientation, suggesting that they may be transcriptionally coupled and functionally . BDSF signal production was quantified by LC-MS, whereas AHL signal production was quantified with the aid of an AHL reporter strain. The b-galactosidase activity of rpfF Bc -lacZ and cepI-lacZ transcriptional fusions in the H111 wild-type strain (), DrqpS (᭡) and DrqpR(᭜) mutants was measured. For comparison, AHL and BDSF signal production by the wild-type strain were each defined as 100% and used to normalize AHL and BDSF signal production by the other strains. Each experiment was performed at least three times in triplicate. The data presented are the means of replicates and error bars represent the standard deviation. related. Our findings also determined that the transcriptome profiles of the rqpS and rqpR mutants clearly overlapped. Because RqpS and RqpR control QS signal production and QS-regulated phenotypes in B. cenocepacia, we hypothesized that RqpS and RqpR constitute a two-component system that regulates bacterial physiology in response to environmental signals (Figs 1-4A and Supporting Information Table S1 ). To test this hypothesis, we used the BacterioMatch II two-hybrid system (Karimova et al., 1998) and GST pull-down assays to determine protein-protein interactions between RqpS and RqpR. In the two-hybrid assay, rqpR was fused to the alpha subunit of the RNA polymerase gene and rqpS was fused to the lambda repressor gene, and the two constructs were expressed from the plasmids pTRG and pBT respectively, and co-transformed into the reporter strain XL1-Blue MRF . In agreement with this observation, GST pull-down assays showed that RqpR interacts directly with RqpS in vitro (Supporting Information Fig. S2 ), Furthermore, in trans expression of rqpR in the sensor mutant DrqpS and double mutant DrqpSDrqpR restored motility and biofilm formation to wild-type levels ( Fig. 4C and D) . Taken together, these results suggest that RqpS and RqpR constitute a two-component system that regulates biological functions.
The REC domain is required for signal transduction to RqpR
Signal transduction through two-component system typically involves autophosphorylation of the histidine kinase (HK) domain at a histidine residue, followed by the transfer of the HK histidine residue phosphoryl group to an aspartate residue of the regulator. The resulting phosphorylated regulator then modulates the transcription of the target genes. RqpR (BCAL0534) encodes a LuxR family transcriptional regulator protein containing a CheY-homologous receiver domain (REC) and a LuxRtype HTH domain (Fig. 4A) . To identify the aspartate residue in the REC domain of RqpR involved in signal transduction from RqpS, we compared the REC domain of RqpR with 10 other canonical REC domains using amino acid sequence alignments. Analysis of the RqpR protein and its orthologues identified two conserved The regulatory network of TCS and QS systems 35 aspartic acid residues at positions 50 and 55 (D50 and D55) as potentially important for phosphorylation (Fig. 5A) . To confirm the role of the aspartic acid residues, we generated several rqpR derivatives, including a deletion of the RqpR REC domain and two singlepoint mutants (D50A, D55A), in which the two residues (D50 and D55) were substituted by alanine (A). Whereas expression of the wild-type rqpR in the deletion mutant DrqpR fully restored biofilm formation and swarming motility, in trans expression of the RqpR derivatives lacking either the REC domain or containing substitutions at the D50 residue failed to rescue motility activity and biofilm formation ( Fig. 5B and C) .
RqpR regulates target gene expression by direct binding to promoters
RqpR is predicted to be a transcriptional regulator with a DNA-binding domain (Fig. 4A) . To study the regulatory mechanism of RqpR, we constructed PrpfF Bc -lacZ, PcepI-lacZ and PbclACB-lacZ reporter systems in a DrqpR mutant and found that the expression of these genes was positively controlled by RqpR (Figs 1 and 2  and Supporting Information Table S1 ). To test whether transcriptional regulation was achieved by direct binding of RqpR to the promoters of the target genes, electrophoretic mobility shift analyses (EMSA) were performed. A PCR-amplified 266-bp DNA fragment from the rpfF Bc promoter, a 210-bp DNA fragment from the cepI promoter and a 506-bp DNA fragment from the bclACB promoter were used as probes. RqpR, which has 218 amino acids and a calculated molecular weight of 24 kDa, was purified using affinity chromatography (Supporting Information Fig. S2 ). As shown in Fig. 6 , the rpfF Bc , cepI and bclACB promoter fragments formed stable DNA-protein complexes with RqpR and migrated at slower rates than unbound probes. The amount of probe that was bound to RqpR increased with increasing amounts of RqpR, and there was no band shift in the absence of RqpR (Fig. 6A-C) , whereas the amount Table S1. of labelled probe bound to RqpR decreased in the presence of unlabeled probe (Supporting Information  Fig. S3 ).
The RqpS-RqpR system contributes to B. cenocepacia pathogenesis Previous studies characterized the attenuated virulence of BDSF-and AHL-systems defective mutants in B. cenocepacia (Lewenza et al., 1999; Deng et al., 2009; Suppiger et al., 2013) . To investigate whether the RqpSRqpR system is required for virulence, we tested B. cenocepacia wild-type and DrqpS, DrqpR mutants in cell line and mouse infection models. As expected, deletion of either rqpS or rqpR led to a reduction in bacterial virulence in both models (Fig. 7) . Cytotoxicity was measured by the release of lactate dehydrogenase (LDH) into the supernatants of cultured cells. When cells were incubated with DrqpS and DrqpR mutant strains, cytotoxicity levels were 42% and 45% respectively, of the levels achieved when cells were incubated with the wild-type B. cenocepacia H111 strain at 8 h post-inoculation (Fig. 7A) . The mouse infection model demonstrated similar results. The mortality of mice infected with the wild-type strain and the DrqpS and the DrqpR mutant strains at 5 d postinfection was 60%, 12.5% and 0% respectively (Fig. 7B) . Complementation of the DrqpS and DrqpR mutants with cloned rqpS and rqpR gene respectively, restored the pathogenicity of the mutants to wild-type levels in both the cell line and mouse infection models. The bacterial two-hybrid validation strain Xl-1 Blue MRF' was transformed and then grown on non-selective medium (top left panel) or selective medium (middle and right panel, containing 5 mM 3-AT or 12.5 lg ml 21 of streptomycin). pBT-LGF2 and pTRG-GAL11P were used as control plasmids. Positive control refers to the LGF2-GAL11P interaction. In trans expression of RqpR fully rescued swarming motility (C) and biofilm formation (D) of the rqpS mutant and rqpS/rqpR double mutant. Each experiment was performed at least three times in triplicate. The data presented are the means of replicates, and error bars represent the standard deviation.
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Discussion
In this study, we identified the novel two-component system RqpSR in B. cenocepacia H111, which possesses two functional QS circuits (AHL and BDSF) and possibly additional complex QS network to exert regulatory roles during pathogenesis (Fig. 8) . Although one study revealed the sensor kinase hybrid AtsR negatively controls AHL signal production , there was no indication of the regulation of BDSF signal biosynthesis in B. cenocepacia. The findings in this study thus provide insight into the complicated signaling network underlying the physiology and pathogenicity of B. cenocepacia. Our previous studies found that two types QS systems, AHL and BDSF, exert cumulative effects on bacterial motility, biofilm formation and virulence factor production in B. cenocepacia (Deng et al., 2013) . We also showed that the BDSF system regulates AHL signal production by modulating cepI expression at the transcriptional level (Deng et al., 2013) . Because we observed that RqpR directly binds to the promoters of rpfF Bc and cepI ( Fig. 6A and B, Supporting Information Fig. S3 ), our findings suggest a complicated regulatory cascade consisting of the two-component system and QS systems (Fig. 8) .
The RqpSR system may control phenotypes directly or in a QS-dependent manner. As the in trans expression of QS signal synthase-encoding genes only partially restored these phenotypes (Supporting Information  Fig. S4 ), the two-component system may control target gene expression via other mechanism (Fig. 8) . Consistent with this hypothesis, in trans expression of the c-di-GMP synthase WspR from P. aeruginosa did not rescue the phenotypes of the defective DrqpS and DrqpR mutants (Supporting Information Fig. S5 ). When we reduced c-di-GMP levels in the DrqpS and DrqpR twocomponent system mutants by overexpressing RocR from P. aeruginosa, these phenotypes were partially restored (Supporting Information Fig. S5 ). These findings have elucidated a signaling hierarchy in which the 
Fig. 7. Effects of rqpS and rqpR on the pathogenicity of
B. cenocepacia were determined using cell line (A) and mouse infection (B) models. Cell cytotoxicity was detected and measured by LDH release. LDH released by B. cenocepacia wild-type strain H111 was arbitrarily defined as 100% and used to normalize the LDH release ratios of the rqpS and rqpR mutants and the complementation strains. For the mouse infection model, mortality was determined after BALB/c mice infected using 1x 10 9 CFU of B. cenocepacia strains over a 7-d period. Each experiment was performed at least three times in triplicate. The data presented are the means of replicates and error bars represent the standard deviation.
RqpSR two-component system controls biological functions, including pathogenicity and QS signal production in B. cenocepacia (Fig. 8) . However, how the RqpSR system differentially utilizes the two pathways to control the phenotypes remains unclear.
Perception of a signal by the sensor component results in the autophosphorylation of a histidine residue, followed by the transfer of the phosphoryl group to an aspartate residue in the CheY-like receiver (REC) domain of the cognate response regulator (Stock et al., 2000; Bijlsma and Groisman, 2003; Galperin, 2006; He et al., 2006) . Our findings support the vital role of the REC domain in the response regulator of the RqpSR two-component system in the signal transduction process. In trans expression of the RqpR mutant lacking the REC domain failed to rescue motility and biofilm formation ( Fig. 5B and C) . Substitution of the conserved aspartate residue at position 50 of the REC domain of RqpR with alanine also failed to restore the defective phenotypes in the DrqpR mutant ( Fig. 5B and C) . These results suggest that the aspartate residue at positon 50 plays an essential role in receiving the signal from RqpS. In general, there is a conserved four-step phosphorelay mechanism in signal transduction cascades that follows His1-Asp1-His2 in the sensor and then Asp2 in the response regulator (He et al., 2006) . RqpS has two domains, the histidine kinase domain and histidine kinase-like ATPase domain (Fig. 4A) , suggesting that RqpS does not use the conserved four-step pathway to transduce signals to RqpR. Previous studies have revealed that there are variations in domain architecture for signal perception and signal transduction (Stock et al., 2000; Bijlsma and Groisman, 2003; Galperin, 2006; He et al., 2006) . Among the families of histidine kinase sensors, the simplest systems consist of sensing and kinase domains. Our findings suggest that RqpS may use the simplest sensing and transduction mechanism. However, the detailed mechanism that RqpS uses to perceive and transduce environmental signals is still not clear.
Remarkably, RqpS and RqpR orthologues are highly conserved among Burkholderia spp., Paraburkholderia spp. and Caballeronia spp. and coexist with the widely distributing BDSF signal synthase (Supporting Information Table S2 ). Orthologues of both RqpS and RqpR from other Burkholderia spp. showed a high degree of similarity. In particular, the RqpR orthologues of B. cepacia and B. contaminans were almost identical (99.1% identity) to RqpR (Supporting Information  Table S2 ). It would be interesting to investigate whether the RqpS or RqpR orthologues control QS systems in other bacterial species. We have demonstrated that the newly identified RqpS-RqpR system plays a vital role in regulating QS, biological functions and virulence in B. cenocepacia. Further research on this two-component system will expand our knowledge of the regulatory hierarchy in bacterial pathogens.
Experimental procedures

Bacterial strains and growth conditions
The bacterial strains and plasmids used in this work are listed in Supporting Information Table S3 . B. cenocepacia H111 strains were cultured at 378C in NYG medium (5 g l 21 peptone, 3 g l 21 beef extract, 10 g l 21 sucrose, 1 g l 21 yeast extract, pH 7.0) (Daniels et al., 1984) or LB Lennox. The following antibiotics were added when necessary: ampicillin, 100 mg ml 21 ; tetracycline, 60 mg ml
21
; trimethoprim, 25 mg ml 21 and gentamicin, 10 mg ml
. Bacterial growth was determined by measuring optical density at a wavelength of 600 nm.
Construction of reporter strains and measurement of b-galactosidase activity
The bclACB, cepI and rpfF Bc reporters were introduced into the B. cenocepacia H111, rqpS and rqpR mutants by electroporation. Transconjugants were then selected on LB agar plates supplemented with tetracycline. b-galactosidase activities was assayed following previously described methods (Zhou et al., 2007) . Bacteria were cultured at 378C, and the cells were harvested to measure b-galactosidase activity. RqpS is involved in sensing environmental signals and actives RqpR. RqpR positively controls cepI and rpfF Bc gene expression, which are required for the synthesis of the BDSF and AHL signals respectively. Perception of BDSF by RpfR substantially enhances its c-di-GMP phosphodiesterases activity and causes a reduction of intracellular c-di-GMP levels and consequently affects cepI transcription and a range of biological functions, including swarming motility, biofilm formation and virulence through the RpfR-GtrR complex. The AHL-dependent QS system is also implicated in the regulation of motility, biofilm formation, and virulence through its cognate receptor, CepR. In addition, RqpR can directly bind to the promoter of target genes and control their expression and relevant biological functions. Solid arrows indicate signaling regulation or signal transport.
Screening and identification of randomly inserted mutants
A mini-Tn5 transposon carrying a Gm resistant gene was introduced to B. cenocepacia H111 by tri-parental mating for random mutagenesis. After the tri-parental mating, colonies with light blue halos on DSF bioassay plates after incubation for 1 day at 288C were collected to identify the genes disrupted by the mini-Tn5 transposon.
Construction of in-frame deletion mutants and complementation
Burkholderia cenocepacia H111 was used as the parental strain for the generation of in-frame deletion mutants following previously described methods (Boon et al., 2008) . The primers used to generate the upstream and downstream regions flanking rqpS and rqpR are listed in Supporting Information Table S4 . For complementation analysis, the coding regions of rqpS and rqpR were amplified and cloned into the plasmid pBBR1-MCS2. The resulting constructs were conjugated into B. cenocepacia H111 deletion mutants using tri-parental mating with pRK2013 as the mobilizing plasmid.
Biofilm formation and swarming motility assays
Biofilm formation in 96-well polypropylene microtiter dishes was assayed as described previously by Huber et al. (2001) . Swarming motility was determined on semi-solid agar (0.3%). Bacteria were inoculated into the center of plates containing 0.8% tryptone, 0.5% glucose and 0.3% agarose. The plates were incubated at 308C for 18 h before colony diameter was measured.
Analysis of BDSF and AHL signals
BDSF was quantified by using an LC/MS system, which consisted of the ACQUITY UPLC system and a Waters Q-Tof Premier high-resolution mass spectrometer. An ACQ-UITY UPLC BEH C18 column (2.1 3 50 mm) was used for the chromatography analysis of BDSF, which was eluted with a CH 3 OH gradient in water at 65-100% supplemented with 0.01% formic acid at a flow rate of 0.4 ml min 21 for 10 min. Next, 65% CH 3 OH was used for 3 min. The entire elution column was introduced into the Q-Tof mass spectrometer according to the manufacturer's instructions. The BDSF levels in the culture supernatant were measured using peak area in the extracted ion chromatogram. AHL signals were quantified by performing bgalactosidase assays with the aid of the AHL reporter strain CF11 as previously described (Zhang et al., 1993) . Briefly, the reporter strain was grown in minimal medium at 288C with agitation at 220 rpm overnight. Culture aliquots were inoculated in the same medium supplemented with extracts containing AHL signals. Bacterial cells were harvested, and b-galactosidase activities were assayed as previously described.
Bacterial two-hybrid assays
The BacterioMatch II two-hybrid system (Stratagene) was used to detect protein-protein interaction. Plasmids extracted from the cells harboring pTRG-rqpR and pBTrqpS were co-transformed into the host strain XL1-Blue MRF' Kan by electroporation. The co-transformed cells were grown on M9 1 His-deficient medium containing 5 mM 3-AT for 24-72 h at 308C. Colonies that grew on these plates were selected as positive colonies. Positive colonies were subsequently picked and re-streaked on M9 1 Hisdeficient medium containing 5 mM 3-AT and 12.5 lg ml 21 streptomycin, indicating protein-protein interaction.
Protein expression and purification
The coding regions of rqpR and rqpS were amplified with the primers listed in Supporting Information Table S4 and fused to the expression vector pET-28a and pGEX-6p-1 respectively. The fusion gene constructs were transformed into E. coli strain BL21. Affinity purification of HIS-RqpR and GST-RqpS fusion protein was performed following the methods described previously (He et al., 2009) . Fusion protein cleavage with PreScission Protease (GE Healthcare; 2 units/100 ll of bound proteins) was conducted at 48C overnight. The cleaved fusion proteins were eluted and analyzed by SDS-PAGE.
In vitro pull-down assay
In the GST pull-down assay, His-RqpR was used as the prey, and GST-RqpS was used as the bait. GST-RqpS and His-RqpR constructs were introduced into E. coli BL21 (DE3) pLysS, and the fusion proteins were induced with 0.5-1 mM isopropyl-b-D-thiogalactopyranoside for 3-6 h. For the binding assays, 5 lg of GST-RqpS or GST was incubated with the same amount of His-RqpR in binding buffer containing 0.2% Triton X-100, 50 mM TrisÁCl (pH 7.5), 100 mM NaCl, 15 mM EGTA, 1 mM DTT and 1 mM PMSF. Protein complexes were pulled down with glutathione sepharose beads (GE), washed three times with ice cold PBS (pH 7.2) buffer containing 1% Triton X-100 and bound proteins were eluted using 20 mM reduced glutathione containing buffer. The eluted fractions were electrophoresed with 10% SDS-PAGE. Western blots were performed with anti-His and anti-GST antibodies.
Electrophoretic gel mobility shift assay
The DNA probes used for Electrophoretic gel mobility shift assay (EMSA) were prepared by PCR amplification using the primer pairs listed in Supporting Information Table S4 . The purified PCR products were 3 0 -end-labelled with biotin following the manufacturer's instruction (Thermo). The DNA-protein binding reactions were performed according to the manufacturer's instructions (Thermo). A 6% polyacrylamide gel was used to separate the DNA-protein complexes. After UV cross-linking, the biotin-labeled probes were detected in the membrane using a Biotin luminescent detection kit (Thermo).
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Site-directed mutagenesis Point mutations in pBBR-rqpR were generated using the QuikChange site-directed mutagenesis system (Agilent). Briefly, to introduce the desired point mutations, the plasmid was amplified with PfuTurbo DNA Polymerase (Agilent) using primer pairs that contain the desired nucleotide substitutions (Supporting Information Table S4 ). The reaction mix was then digested with DpnI and transformed into E. coli XL1 blue. Mutations were confirmed by sequencing.
Cytotoxicity assays
Cytotoxicity was assessed by measuring the release of LDH from A549 cells. The A549 cells were grown in DMEM medium supplemented with 10% fetal bovine serum (FBS) in 96-well tissue culture plate with 1 3 10 4 cells/well. Confluent A549 cells were washed and incubated with DMEM containing 1% FBS before infection. Wild-type B. cenocepacia H111 and its derivatives were grown in LB medium at 378C, then centrifuged and resuspended in culture medium (diluted to OD 600 5 1). A549 cells were infected with bacterial cells at 10 9 CFU/ml for 8 h. After the 8-h incubation, culture supernatants were collected by centrifugation for 4 min at 250 3g. LDH in the supernatant was measured, and cytotoxicity was calculated relative to the uninfected control.
Mice infections
Animal infection experiments were performed using the BALB/ c mice. The experiments were conducted according to the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978) . Male mice (6-8 weeks old) were randomly divided into each group. The mice were infected with 400 ml of inoculum containing 1 3 10 9 bacterial cells via intraperitoneal injection. PBS solution was also injected into mice as blank controls. Death rates were determined over 7 d post-infection.
RNA-seq analysis
Double-stranded cDNA synthesis and high-throughput RNAseq were performed as described previously (An et al., 2014) . For each strain three biological replicates were sequenced. Trimmed sequence reads were aligned to the B. cenocepacia J2315 genome sequence using Bowtie2-2.2.3 (Langmead and Salzberg, 2012) and normalised read counts were compared using HTSeq v0.6.1 as described previously (Trapnell et al., 2010) . For each replicate sample, between 7.3 million and 10.2 million sequence reads were mapped uniquely to the J2315 genome sequence. Differentially expressed genes were identified as those with a greater than 1-fold change in expression (1.0 log 2 ) across all replicates at a false discovery rate (FDR) of < 0.01.
Quantitative real-time PCR
Reverse transcription PCR was performed using a cDNA synthesis kit (Promega) according to the manufacturer's instructions. Specific RT-PCR primers were used to amplify central fragments of approximately 200 bp in length from different genes. Quantification of gene expression and melting curve analysis were completed using a 7300Plus Real-Time PCR System (Thermo Scientific), and SYBR Green qPCR Master Mixes (Thermo Scientific) was used according to the manufacturer's instructions. As a control, quantitative RT-PCR was similarly applied to analyze recA gene expression. The relative expression levels of target genes were calculated using the Quantitation-Comparative CT(DDCT) method.
